Chorismate is a branch point precursor in the biosynthesis of several aromatic compounds in Escherichia coli. The compounds that derive from chorismate are p-aminobenzoate (PABA), tryptophan, tyrosine, phenylalanine, menaquinone, ubiquinone, and enterochelin (reviewed in reference 18). The pathways leading to the biosynthesis of some of these compounds, especially the aromatic amino acids, are relatively well characterized, as are the regulatory mechanisms that operate in these systems (reviewed in reference 27). In contrast, little is known about the kinetics of PABA biosynthesis.
PABA, an intermediate in the tetrahydrofolate biosynthetic pathway in E. coli, is synthesized from chorismate in two steps (10, 17) . The first step, catalyzed by 4-amino 4-deoxychorismate (ADC) synthase, converts chorismate and glutamine to ADC and glutamate (1, 8-10, 25, 29) . ADC synthase is composed of dissimilar subunits, PabA and PabB. In the absence of PabA and glutamine, PabB can convert chorismate to ADC if an excess of ammonia is provided. Elimination of the pyruvyl moiety, with the concomitant aromatization of the ring of ADC, is catalyzed by the pyridoxal phosphate-containing enzyme ADC lyase (8, 9, 20) .
Various lines of evidence indicate that physical interaction between the two subunits of ADC synthase is a prerequisite for productive catalysis. The two subunits coelute from a gel filtration column under certain conditions (20) . PabA can convert glutamine to glutamate (glutaminase activity) only in the presence of stoichiometric amounts of PabB (22) . The kinetic data described in this paper provide additional evidence for subunit interaction.
Chemical modification experiments implicate several residues in PabA and PabB to be important for catalytic activity (15) . Site-directed mutagenesis of PabA provides more direct evidence for the mechanistic relevance of the conserved residues Cys-79, His-168, and Glu-170 (23) . While some kinetic studies have been performed on the PabB-catalyzed ammoniadependent amination of chorismate, there has been little research on the glutamine-dependent reaction. In this report, we show that cysteine residues are important for catalytic activity of both PabA and PabB. We have also measured the K m values for the substrates for the glutamine-and ammonia-dependent amination of chorismate by PabB in the presence and absence of PabA.
The reactions of PABA biosynthesis share some striking similarities with anthranilate (o-aminobenzoate) biosynthesis (Fig. 1) . Evidence from sequence analysis clearly indicates that the two enzymes are evolutionarily related. While the E. coli PabA and TrpG cannot substitute for one another, in some bacteria, a common glutamine amidotransferase subunit participates in both anthranilate and p-aminobenzoate biosyntheses (5, 13, 24) . The experiments discussed in this paper allow us to extend the comparison between these two enzymes.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli BN117 [pabA1 pabB::Kn pheA1 tyrA4 trpR (Tn10) ⌬trpEA2 his4 proA2 argE3 rpsL704] transformed with either the plasmid pSZD51 or pSZD52 was used to overproduce PabA (ϳ550-fold) and PabB (ϳ250-fold), respectively (17) . Transformations were performed as described previously (2) . E. coli BN117 transformed with pJMG30, a multicopy plasmid expressing pabC, was the source of ADC lyase (8) . BN117/pSZD52 was grown to the stationary phase prior to harvesting since this enhanced the yield of PabB about threefold. BN117/pSZD51 and BN117/pJMG30 were grown to an optical density of 0.2 prior to harvesting.
Preparation of enzymes. PabB was prepared from extracts of E. coli BN117/ pSZD52. Cells were resuspended in 100 mM Tris-HCl (pH 7.5)-30 mM 2-mercaptoethanol (2 ml/g of cells), disrupted by sonication, and centrifuged at 100,000 ϫ g for 1 h. Streptomycin sulfate was added to the supernatant to a final concentration of 3%. Following stirring for 20 min, insoluble material was removed by centrifugation at 65,000 ϫ g for 15 min. The supernatant was subjected to ammonium sulfate fractionation, and material that precipitated between 30 and 45% saturation was retained. The resulting pellet was dissolved in R buffer (50 mM Tris-HCl [pH 7.5], 5 mM MgCl 2 , 1 mM EDTA, 10 mM 2-mercaptoethanol, 5% glycerol) and dialyzed extensively against the same buffer. The protein solution was then applied to a DEAE-cellulose column (26 by 1.4 cm) equilibrated with R buffer. The column was washed with 200 ml of R buffer, and the enzyme was eluted from the column with a 0.0 to 0.5 M linear NaCl gradient (600 ml) in the same buffer. Fractions containing maximum activity were combined and dialyzed extensively against R buffer. The specific activity of this material ranged from 0.5 ϫ 10 3 to 2.0 ϫ 10 3 U/mg of protein. One unit of enzyme activity is defined as the amount of enzyme required to convert 1 nmol of chorismate to PABA at 37ЊC in 30 min in the presence of excess PabA and ADC lyase.
For the preparation of PabA, a similarly prepared 100,000 ϫ g supernatant of E. coli BN117/pSZD51 was applied to a Sephacryl-S200 column (2.5 by 111 cm) equilibrated with R buffer. Samples containing maximum activity were combined. The activity of this sample ranged from 0.6 ϫ 10 3 to 1.2 ϫ 10 3 U/mg of protein.
ADC lyase was partially purified through the yellow-3-agarose step by the protocol described previously (8, 9) . Fractions from the yellow-3-agarose column containing maximum enzyme activity were combined and dialyzed against R buffer. The activity of the combined fraction ranged from 1.0 ϫ 10 6 to 4.0 ϫ 10 6 U/mg. Enzyme assays. PabA, PabB, and ADC lyase were routinely assayed as described by Nichols et al. (17) . The glutamine-dependent reactions were carried out in 50 mM Tris-HCl (pH 7.5)-5% glycerol-5 mM dithiothreitol (DTT)-5 mM MgCl 2 -100 M chorismate-5 mM glutamine. The ammonia-dependent reaction was assayed in 50 mM triethanolamine (pH 8.5)-5% glycerol-5 mM DTT-5 mM MgCl 2 -100 M chorismate-100 mM ammonium sulfate. Assays (0.5 ml) were quenched with 0.1 ml of 1 M HCl and extracted with ethyl acetate, and the amount of PABA formed was determined fluorimetrically as described before (12) .
It has long been known that PABA added as a supplement to minimal media containing sulfonamides enables E. coli to grow at higher levels of the drug (28). Guay found that overexpression of PabB in E. coli provided a high level of resistance to sulfanilamide (11) . If sulfonamide resistance is due to elevating cellular levels of PABA, then this implies that PabB is the limiting protein in PABA biosynthesis. We therefore decided to limit PabB in our kinetic experiments.
To study the kinetics of the glutamine-dependent reaction, reaction mixtures (3 ml) contained 50 mM Tris-HCl (pH 7.5), 5% glycerol, 5 mM DTT, 5 mM MgCl 2 , limiting PabB (3 to 7 U), excess PabA (120 U), ADC lyase (3,000 U), and chorismate (5 to 100 M) or glutamine (0.77 to 10 mM). Each reaction mixture was preincubated for 90 min at 37ЊC and initiated with the remaining substrate. Aliquots (0.5 ml) were taken at 5, 10, 15, 20, and 25 min, quenched in 0.1 ml of 1 M HCl, and extracted into ethyl acetate. PABA was determined as already described (12) . The initial velocity was calculated from the slope of the line made by the time points.
Inhibition studies using 6-diazo-5-oxo-L-norleucine (DON; Sigma) were performed similarly. DON was added either before or after a 90-min preincubation period. When DON was used as an inhibitor with regard to glutamine, the chorismate concentration was 100 M, and when DON was used as an inhibitor with regard to chorismate, the glutamine concentration was 2.5 mM.
To study the kinetics of the ammonia-dependent reaction, reaction mixtures (3 ml) contained 50 mM triethanolamine (pH 8.5), 5% glycerol, 5 mM DTT, 5 mM MgCl 2 , ammonia (NH 4 ϩ plus NH 3 ; 62.5 to 250 mM), chorismate (28.6 to 200 M), PabB (15 to 16 U), and ADC lyase (3,000 U). When present, 400 U of PabA was included. The ammonia-dependent amination of chorismate exhibited linear kinetics in the absence of preincubation (see Fig. 4) ; therefore, the preincubation step was omitted in these studies. In assays using various concentrations of (NH 4 ) 2 SO 4 , constant ionic strength of the mixture was maintained by the addition of Na 2 SO 4 . The final ionic strength of the mixture was not inhibitory to PABA formation. Reactions were initiated by the addition of ammonia (NH 4 ϩ plus NH 3 ; 62.5 to 250 mM) as (NH 4 ) 2 SO 4 in a volume of 200 l, and initial velocity was determined from the slope of time points as it was for the glutaminedependent reaction.
Kinetic data analyses were carried out with the program MacEnzkin-Version 1.02 developed by J. D. Ozeran, S. Burstein, T. Chauncey, H. Taylor, and J. Westley (The University of Chicago, Chicago, Ill.). This program provided the best fit to a hyperbolic function by an iterative least-squares method and also permitted the generation of statistically valid secondary plots of slopes and intercepts against the function of the fixed substrate. Error was propagated in quadrature as described previously (4) .
Experiments that required a direct assay for ADC synthase activity were conducted by monitoring the formation of ADC by high-pressure liquid chromatography (HPLC). The assay conditions were identical to those described above, except that ADC lyase was excluded. After incubation at 37ЊC for 30 min, 50 l of the assay mix was applied to a Waters Nova-Pak C-18 4-m column (3.9 by 150 mm). The column was developed with 5% acetic acid, and the elution profile was monitored at 270 nm (9, 29) . Chorismate, PABA, and ADC eluted as distinct peaks. The area under the ADC peak was then determined.
RESULTS
Establishment of linear kinetics in the ADC synthase-ADC lyase-coupled reaction system. Control experiments to establish the range of linearity for the coupled ADC synthase-ADC lyase reactions using limiting PabB at various substrate concentrations resulted in the observation that the glutaminedependent production of PABA was nonlinear and accelerated with time at all concentrations of glutamine and chorismate tested. The rate of PABA formation continued to increase over a 60-min period (Fig. 2) , instead of the expected linear accumulation phase; this increase was followed by a decrease in product formation indicative of substrate depletion. However, preincubation of the reaction mixtures at 37ЊC for 90 min prior to the addition of substrates resulted in linear accumulation of PABA with time, but at a rate significantly lower than the maximum rate achieved in reaction mixtures that had not been preincubated (Fig. 2) . Inclusion of either substrate in the preincubation mixture resulted in linear PABA formation at a significantly higher rate than if the substrate was absent during preincubation ( Fig. 2) . A systematic study yielded two basic findings. First, the acceleration phenomenon in which the rate of PABA production increased with time was eliminated by preincubating PabA in the reaction mixture for 90 min. Second, preincubation of PabB at 37ЊC resulted in an inactivation of PabB, which was responsible for the lower slope observed in Fig. 2 .
Purified PabA required an incubation with DTT to achieve maximal activity. When PabA was preincubated for 90 min in the presence of a variety of combinations of reaction components, we found that preincubation of PabA in Tris-HCl (pH 7.5) containing DTT was necessary and sufficient for activation (data not shown). Maximal activation of PabA required DTT at a concentration of 5 mM or higher and a 90-min incubation at 37ЊC. Glutamine had no effect on the activation of PabA. Most ensuing experiments involving the glutamine-dependent amination of chorismate were performed with PabA which had been preincubated at 37ЊC for 90 min in buffer containing 5 mM DTT.
PabB was inactivated upon incubation at 37؇C. ADC synthase PabB lost activity upon incubation at 37ЊC (Table 1) , but this was prevented when either DTT, chorismate, or PabA was included in the incubation (data not shown). Glutamine alone had no stabilizing effect on PabB. In Fig. 3 , which illustrates the experiment in which PabA was not preincubated separately, we can see the combined biphasic effects of PabA activation and PabB inactivation on glutamine-dependent activity in reaction mixtures ultimately containing identical amounts of substrates and enzymes. For the first 30 min, we observed an increase in activity due to activation of PabA by DTT. We observed a loss in PabB activity when glutamine was absent (Fig. 3A) ; this loss was prevented when glutamine was included in the preincubation. We investigated the effect of an addition of glutamine to a partially inactivated sample (Fig. 3B) . We found that while glutamine did not activate inactive PabB, it prevented further loss of activity.
Experiments were then conducted to investigate whether PabB inactivation was reversible. Reversibility would rule out proteolysis and suggest conformational change and/or other local changes as possible modes of inactivation. PabB was incubated in reaction buffer (50 mM Tris-HCl, 5 mM MgCl 2 , 5% glycerol) at 37ЊC for 90 min. Aliquots of the incubated sample were transferred into several tubes and subjected to a second, 30-min incubation period at 37ЊC, in the presence of various components of the reaction mixture. The missing components were then added to initiate the reaction, and the initial reaction velocity was determined. PabA was preincubated separately in the presence of fresh DTT prior to reaction initiation. As is evident in Table 1 , only DTT was able to reactivate inactivated PabB. Preincubated PabA appeared to reactive PabB, but it is likely that the DTT present in the PabA sample, and not the PabA itself, mediated the reactivation.
PabA stimulated the ammonia-dependent amination of chorismate catalyzed by PabB. All of the experiments discussed above involved the glutamine-dependent amination of chorismate. While PabB alone can catalyze the ammonia-dependent amination of chorismate, the presence of PabA stimulated the reaction (Fig. 4) . Interestingly, generation of PABA was linear, even when the reaction mixture was not preincubated and regardless of the presence of PabA.
Determination of the kinetic constants for the ammoniadependent and glutamine-dependent reactions. Having determined conditions necessary to maintain the full activity of PabA and PabB, we performed experiments to determine the kinetic constants for the glutamine-dependent and ammoniadependent reactions ( Table 2 ). The K m value for chorismate varied, depending on whether glutamine or ammonia served as the amino donor and whether PabB or the PabB-PabA complex was catalyzing the reaction measured. The lowest K m value for chorismate, 4.2 M, was measured for the PabBPabA complex as it catalyzed the glutamine-dependent reaction. The K m value for ammonia (NH 4 ϩ plus NH 3 ) likewise varied, increasing about threefold when PabA was present. The double-reciprocal Lineweaver-Burk plots of the initial velocity data for the glutamine-dependent reaction for the PabBPabA complex showed nonparallel lines that converged to the left and below the axes. Product inhibition studies were not informative because up to 10 mM glutamate exhibited no inhibition, and sufficient amounts of purified ADC were not available. DON, a glutamine analog, inhibited ADC synthase. Inhibition was competitive with respect to glutamine but uncompetitive with respect to chorismate (K i , ϳ385 M). These data were consistent with an ordered bi-bi mechanism for the ADC synthase complex, in which chorismate bound first, followed by glutamine. The order of release of products could not be deduced. a All samples were subjected to a 90-min primary incubation at 37ЊC. Aliquots were then subjected to a 30-min secondary incubation at 37ЊC in the presence of the components indicated. An identical sample which was left on ice for 2 h yielded 42 pmol of PABA per min.
There is no evidence of feedback inhibition of ADC synthase by PABA, PABA analogs, or end products of folate metabolism. We studied regulation with the ammonia-dependent reaction under conditions of PabB limitation to ascertain whether various metabolites acted as inhibitors. In separate experiments, different concentrations of ATP, AMP, dAMP, guanosine, GMP, dGMP, GTP, deoxyguanosine, dTMP, serine, glycine, tyrosine, methionine, and p-hydroxybenzoate were added to the assay mixture, and the amount of PABA formed was determined. All of the components described above except tyrosine and p-hydroxybenzoate require folate derivatives for their biosynthesis. To determine the effect of PABA and the PABA analogs sulfanilamide and sulfathiazole on the ADC synthase reaction, the formation of ADC was monitored in the presence of these compounds by the HPLC method for detecting ADC. None of the compounds had an inhibitory effect on the ADC synthase reaction (data not shown) (26) .
DISCUSSION
The enzyme ADC synthase commits chorismate to PABA, and ultimately folate, biosynthesis. It is interesting to analyze the properties of the PABA biosynthetic enzymes in the context of their similarity to the enzyme o-aminobenzoate (anthranilate) synthase. While the similarities provide insight into the evolutionary origins of the two enzymes, the differences clearly reflect the unique requirements on the two pathways. Anthranilate synthase consists of two dissimilar subunits, each of which has similarity to the two dissimilar subunits constituting ADC synthase (3, 7, 14) . Anthranilate synthase performs a regiospecific amination and subsequent aromatization of chorismate to form the product anthranilate (o-aminobenzoate) (30, 31) . PABA synthesis requires an additional enzyme, ADC lyase, which does not exhibit any sequence similarity to anthranilate synthase (8) . E. coli anthranilate synthase is an ␣ 2 ␤ 2 enzyme, consisting of two copies each of TrpE and TrpG. The trpG peptide exists as a fusion protein with the trpD gene product (reviewed in references 28 and 30). E. coli ADC synthase is an ␣␤ dimer and is composed of PabB and PabA (19, 20) .
Nearly all work published on the enzymology of PABA biosynthesis has focused on the ammonia-dependent amination of chorismate by PabB, neglecting the contribution of PabA (16, 29) . Here we report kinetic data both on the glutamine amidotransferase activity of the PabB-PabA complex and on the ammonia-dependent activity, as catalyzed by the complex and by PabB alone. Control experiments designed to establish conditions of linearity for substrate concentration(s), enzyme concentration(s), and time initially yielded puzzling results. We found that PabA as isolated was partially inactive and required a 90-min incubation at 37ЊC in the presence of 5 mM DTT to achieve maximal activity, as measured by the ability of PabA to support glutamine-dependent amination of chorismate by PabB. Upon incubation with DTT, PabA showed about a twoto threefold increase in its ability to support the glutaminedependent amination of chorismate by PabB. Roux and Walsh (22) reported a 10% loss of activity of PabA per day when the enzyme was kept at 4ЊC in buffer (lacking a reducing agent). In addition, when these researchers incubated radioactive glutamine with the PabB-PabA complex to detect a ␥-glutamyl intermediate, they measured only 0.56 mol of acylenzyme per mol of PabB-PabA complex (22) . Interestingly, they isolated PabA in the absence of reducing thiols. These results implicate the involvement of cysteine residues in catalysis. Four cysteine residues are conserved across all known PabA sequences. Cys-79, which is analogous to Cys-84 of TrpG, is conserved across all known aminobenzoate amidotransferases. Site-directed mutagenesis of E. coli pabA, in which cysteine 79 was replaced by serine, yielded a protein which exhibited low but detectable glutaminase activity (23) . Further studies are necessary to determine what role(s) the various cysteine residues might play in ADC synthase activity.
We found that incubation of PabB at 37ЊC resulted in a progressive loss of activity. This loss was prevented if DTT, PabA, or chorismate was included in the incubation. The protection of PabB by PabA was enhanced by the presence of glutamine; glutamine alone had no effect on PabB activity. This provided kinetic evidence for an association between PabB and PabA. PabB rendered inactive by incubation could be reactivated by a second incubation in the presence of fresh DTT. We conclude that the inactivation of PabB upon incubation is due to oxidation of one or more of the six cysteine residues (7), since the reducing agent DTT can not only prevent but also reverse this loss of activity. Chemical modification studies showed that thiol reagents were inhibitory to PABA biosynthetic activity in cell extracts of E. coli, but because the extracts of PabA and PabB each contained contaminating PabC, it is difficult to conclude which protein(s) was susceptible to the modifying agent (15) . We interpret the requirements of both PabA and PabB for a strong reducing agent to indicate that cysteine residues play important roles in ADC synthase activity. Furthermore, the fact that PabA and chorismate can render PabB stable to oxidation is consistent with cysteine playing an important role at or near the active site of the enzyme.
Having established conditions for performing the enzyme assays, we proceeded to perform a kinetic analysis of ADC synthase and the ammonia-dependent amination of chorismate. The K m values for glutamine and chorismate are reasonable, both relative to the cellular concentrations of chorismate and glutamine and in comparison with other chorismate interconverting enzymes ( 18) . It is interesting to compare the kinetic constants for the glutamine-dependent and ammonia-dependent reactions. The K m value for chorismate in the ammoniadependent reaction dropped from 84 to 19 M when PabA was present. This implies that while PabB alone can bind chorismate productively, the presence of PabA is important in achieving the most efficient conformation for catalysis. In contrast, the K m value for ammonia (NH 4 ϩ plus NH 3 ) actually increases from ϳ140 to ϳ360 mM when PabA is present. Perhaps PabA normally acts to channel ammonia from glutamine into the active site and blocks the entrance of exogenous ammonia into the active site. Our kinetic experiments are consistent with an ordered mechanism whereby chorismate binds first, followed by glutamine; this is analogous to the mechanism determined for anthranilate synthase. There is some evidence, however, for a random mechanism, since we have shown that glutamine and PabA can protect PabB from oxidation in the absence of chorismate. DON binds and inhibits a variety of glutaminases including anthranilate synthase and ADC synthase (22, 30) . Roux and Walsh (22) measured a K i for DON of 210 M in the glutaminase reaction of ADC synthase. Since the two subunits of ADC synthase (unlike those of anthranilate synthase) do not bind each other avidly, it is customary to use an excess of one of the components and relate the amount of ADC synthase present to the amount of the limiting component. Although DON can alkylate active-site cysteine residues, we did not observe an irreversible loss of ADC synthase activity, possibly because we use an excess of PabA in our experiments. Alkylated PabA on the complex would then equilibrate with the active, unassociated PabA. In our experiments, we found that DON was a competitive inhibitor with respect to glutamine, which is consistent with the two molecules sharing a binding site on ADC synthase.
While it is difficult to separate the two subunits of anthranilate synthase, it has also been difficult to demonstrate interaction between the two subunits of ADC synthase. The two subunits coelute on a gel filtration column under certain conditions (19) . PabA has a glutaminase activity in the absence of chorismate but only in the presence of PabB (23) . We have demonstrated that while PabB has an aminating activity in the absence of glutamine and PabA, the rate of conversion is stimulated about fourfold in the presence of PabA. The preincubation studies also support the kinetic relevance of subunit interaction. While PabA can protect PabB from inactivation, this effect is enhanced in the presence of glutamine. Glutamine, by itself, does not protect PabB from inactivation. The difference in the K m values of PabB and the complex (discussed above) provides additional support to the importance of subunit interaction. Preincubation of PabA does not alter its stimulatory effect on the ammonia-dependent amination of chorismate. We interpret this to mean that PabA and PabB can physically interact without this full reactivation and/or reduction occurring. This is consistent with gel filtration experiments performed in our laboratory (19, 20) , in which appreciable physical association of PabB and PabA occurred with no preincubation of the subunits.
E. coli PabB and TrpE and E. coli PabA and TrpG are 26 and 44% identical, respectively (7, 14) . This sequence similarity may reflect a higher order of structural similarity, since polyclonal antibodies raised against anthranilate synthase cross-reacted with fractionated extracts containing PABA synthetic activity (21) . While anthranilate synthase is very sensitive to feedback inhibition by tryptophan, ADC synthase was not affected by any of the compounds we studied as potential feedback inhibitors. Mutational studies have identified residues in the N-terminal portion of TrpE as important in binding tryptophan (6) , with the catalytic site occupying the carboxylterminal portion of the protein (31) . Curiously, while the similarity between TrpE and PabB is clearly higher at the carboxylterminal portions of the proteins, there remains significant similarity at or near conserved residues in the amino-terminal region that have been shown to be important in feedback inhibition of anthranilate synthase. The conserved N-terminal sequence of TrpE sequences is X (36) -LLES-X (10) -S. Three feedback-resistant mutations in TrpE are at amino acid residues 39, 40, and 41 (6). PabB proteins from various organisms have the sequence X (32) -LL-H/E-S-X (10) -D/S at the N terminus. Every PabB protein which contains an H at position 35 has a D at position 47, and each with an E has a corresponding S, implying that these may be conserved hydrogen-bonding couples. Perhaps ADC synthase is regulated by an as-yet-unidentified effector.
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